The helper-dependent adeno-associated viruses (AAVs) have attracted great interest as vectors for gene therapy. Uptake and intracellular trafficking pathways of AAV are of importance, since they are often rate-limiting steps in infection. Here, we have investigated the entry of AAV type 5 (AAV5) in primary human embryo fibroblasts. At low binding temperatures, numerous virions are concentrated between cells, at contact points between cells and cellular protrusions, and at filopodia. When the temperature is raised to 37 6C, uptake of AAV5 takes place but up to 80 % of the bound virions dissociate from the cells. Uptake is achieved by cellular structures that are part of at least two different entry pathways. In addition to the common clathrin-dependent route, caveolar endocytosis and caveosome-like organelles are involved in a second pathway not yet described for parvoviruses. Both pathways can be used in parallel to enter an individual cell.
Adeno-associated virus (AAV) is a small, non-enveloped parvovirus with single-stranded DNA that requires a viral helper for productive replication (Berns & Parrish, 2007) . AAVs have attracted great interest as vectors for gene therapy and major advances have been made in recent years. AAV serotypes have been isolated from human and various non-human primate species and many have been developed to generate a variety of recombinant AAV (rAAV) vectors. The basic biology of AAV and its associated vectors is well-studied and clinical trials are now under investigation (for reviews, see Gao et al., 2005; Grieger et al., 2006; Grimm & Kay, 2003; Hendrie & Russell, 2005; Muzyczka & Warrington, 2005; Srivastava, 2005; Warrington & Herzog, 2006; Wu et al., 2006; Zhong et al., 2006) . In gene therapy, targeting of viral vectors to the correct tissues and cells is essential. Uptake and intracellular trafficking pathways of AAV are important, especially since they may be rate-limiting in transduction (Ding et al., 2006 (Ding et al., , 2005 Greber, 2002; Harbison et al., 2008; Vihinen-Ranta et al., 2004) . We were interested in the early steps of the entry pathway exploited by AAV type 5 (AAV5), a virus isolated from human material (BantelSchaal & zur Hausen, 1984; Bantel-Schaal et al., 1999; Chiorini et al., 1999; Georg-Fries et al., 1984) , using primary human embryo fibroblasts (D7) as targets. D7 cells (established by J.R. Schlehofer, Deutsches Krebsforschungszentrum, Heidelberg; Bantel-Schaal, 1999; Bantel-Schaal & Stoehr, 1992) were grown as monolayers in Dulbecco's minimal essential medium supplemented with 10% fetal calf serum, penicillin, streptomycin and glutamine at 37 u C either on coverslips or in plastic tissue culture dishes. Absence of mycoplasma was demonstrated by PCR. Permissiveness for infection by AAV5 was determined by detection of AAV5 capsid antigen (GeorgFries et al., 1984) by using immunofluorescence assays of cultures co-infected with the helper adenovirus type 2 (AAV2). The relative infection efficiency of D7 cells with other permissive cell types, such as HeLa, proved difficult since propagation of the helper adenovirus appeared to be impaired in D7 fibroblasts (U. Bantel-Schaal, unpublished data). For the experiments reported here, D7 cells were infected with AAV5 at an infectious dose of 10 2 to 10 3 particles per cell (Bantel-Schaal & zur Hausen, 1988; Bantel-Schaal et al., 2002) , corresponding to 10 5 to 10 6 physical particles per cell [quantified as described by Bartlett et al. (2000) ].
In immunofluorescence assays performed to follow AAV5 entry, cells were grown on coverslips and were incubated with AAV5 or PBS (mock control) at either 4 or 37 u C for 20 min prior to fixation with methanol/acetone (BantelSchaal et al., 2002) . Mock-infected cultures were negative at both incubation temperatures ( Fig. 1a ; bottom panels) and AAV5-specific signals were not detectable by immunofluorescence microscopy when the cells were infected at 37 u C ( Fig. 1a; i) . After incubation at 4 u C, AAV5-specific fluorescence signals were seen at different cellular locations ( Fig. 1a; ii-v). The intensity was high at cell peripheries ( Fig. 1a; ii-v), suggesting virus binding at cell-to-cell boundaries, and in dots on apical cell surfaces ( Fig. 1a; iii, iv). In addition, a filamentous intercellular network of numerous thin filopodia-like protrusions was stained ( Fig. 1a; ii, v).
To obtain more quantitative information on AAV5, Western blot analysis was performed. D7 cells grown in tissue-culture dishes were incubated with AAV5 for 20 min at 4 u C and were either harvested directly to examine viral binding or transferred to 37 u C for 5-40 min prior to AAV5 is seen at apical surfaces (arrowheads; iii and iv) and on the intracellular filamentous network (arrows; ii and v). Bar, 20 mm (applies to all panels). (b) Western blot analysis of D7 cell proteins after incubation with AAV5. D7 cells were infected in the cold with AAV5 and were incubated for 20 min at 4 6C and/or at 37 6C for the times indicated. Equal amounts of proteins from cultures that had been infected only at 4 6C were loaded on the gels in the left and middle panels (lane 1) as internal standards. AAV5-specific signals in the middle panel, lane 2, are due to some virus binding that occurred at cold temperatures used for about 15 s to add and remove the inoculum before starting the incubation at 37 6C. In the right panel, the inoculum was removed after incubation at 4 6C and was replaced with fresh medium prior to incubation at 37 6C. Media (lanes 1 and 2) and cells (lanes 1* and 2*) were examined for the presence of AAV5 proteins. VP1-VP3, AAV5 capsid proteins.
harvesting to examine endocytosis. Cellular proteins were extracted at 4 u C (Bantel-Schaal et al., 2002) and equal amounts of proteins were loaded and separated on 12.5 % SDS-PAGE gels. The proteins were transferrred by Western blot and the membranes were analysed for the presence of AAV5 capsid proteins using mAb B1 (a kind gift of J. Kleinschmidt, Deutsches Krebsforschungszentrum, Heidelberg), which detects AAV capsid proteins (BantelSchaal et al., 2002; Wistuba et al., 1995) . When cultures were incubated only at 4 u C, the amount of AAV5 capsid protein was higher than when the samples were transferred to 37 u C ( Fig. 1b; left panel, compare lanes 1 and 2-4), suggesting that some loss of virus occurred in addition to endocytosis. The estimate of the relative signal intensity (Fig. 1b) shows the loss to be in the range of 75-80 %. Once transferred to 37 u C, the level of AAV5 proteins remained constant, which suggests that there was saturation of binding and uptake.
To measure cell-associated AAV5 proteins after incubation at 37 uC, D7 cells were incubated for up to 40 min without pre-incubation at 4 uC. Western blot analysis showed that the amount of AAV5 proteins was substantially less (about 6-8 % of the amount seen after binding at 4 uC) but that it increased with time ( Fig. 1b ; middle panel, lanes 2-5), as expected in a system that is not yet saturated.
To test whether the reduction of virus proteins observed upon transfer from 4 to 37 u C is due to dissociation of virions from the cells, the inoculum was removed after incubation at 4 u C for 20 min and was replaced by fresh culture medium prior to further incubation. When the incubation temperature was shifted to 37 u C, the amount of AAV5 capsid proteins increased in the medium ( Fig. 1b ; right panel, lanes 1and 2) and decreased in the cell-derived samples ( Fig. 1b ; right panel, lanes 1* and 2*). The dissociation suggests that there are at least two surface structures on D7 fibroblasts to which AAV5 binds with different affinity at 4 u C. Two types of cell surface receptors are, in many cases, a prerequisite for viral infection; these are, primary attachment factors that serve to bind and concentrate virus particles on the cell surface and (co)receptors that promote virus entry (Greber, 2002; Marsh & Helenius, 2006; Pietiäinen et al., 2005; Young, 2001) . N-linked sialic acid is a primary attachment site (Kaludov et al., 2001; Walters et al., 2001 ) and the plateletderived growth factor receptor is a (co)receptor (Di Pasquale et al., 2003) in transduction of rAAV5. Whether these are also the factors that are involved in binding of AAV5 to D7 fibroblasts remains to be determined.
We used electron microscopy to elucidate the entry pathway of AAV5 in D7 cells further. As described for HeLa cells (Bantel-Schaal et al., 2002) , the identity of AAV5 particles in the cellular background of D7 cells was verified by electron microscopic immunolocalization with mAbs against AAV5 capsids and secondary antibodies coupled to 5 nm gold particles for visualization (data not shown). For transmission electron microscopy, D7 cells were grown on coverslips and were incubated as described for Western blots, either at 4 u C for 20 min to see virus binding ( Fig. 2a) , at 4 u C followed by up to 20 min at 37 u C to see endocytosis (Fig. 2b) or at 37 u C for 20 min to gain insight into the situation with reduced particle numbers (Fig. 3) . After incubation, the cells were fixed as described previously (Bantel-Schaal et al., 2002) .
When the cells were incubated at 4 u C, numerous virions were seen concentrated between neighbouring cells ( Fig.  2a; i-iii), at contacts between cells and cellular protrusions (e.g. microvilli) ( Fig. 2a ; iv, xi) and at filopodia ( Fig. 2a; v) . These are thin protrusions made of actin filaments that are known to have multiple sensory functions (Faix & Rottner, 2006; Wood & Martin, 2002) and are also involved in the infectious pathway of enveloped viruses by promoting actin-mediated lateral transport to entry sites at the cell body (Lehmann et al., 2005) . In addition to binding, AAV5 can be seen in clathrin-coated and in non-coated pits at the base of filopodia ( Fig. 2a; vi) and at lateral and apical locations ( Fig. 2a ; i, ii, vii-xii). Since immunolocalization demonstrated that non-coated pits contained caveolin-1 ( Fig. 2a; xii) , at least part of them should be considered to be caveolae (Rothberg et al., 1992) .
When incubation was continued at 37 u C for up to 20 min, binding of low numbers of virus was observed at virtually the same locations as before the transfer to 37 uC (compare Fig. 2a , i-v, xi to Fig. 2b, i-iv) . Thus, the cellular structures accounting for dissociation of virus following the rise in temperature cannot be determined. Particle uptake via clathrin-coated and non-coated pits was also seen occasionally ( Fig. 2b ; i, viii) but most AAV5 particles were found within cells in coated ( Fig. 2b; ix, x) and especially in non-coated ( Fig. 2b; v, x) vesicles and in organelles that might be regarded as caveosomes by their shape (Fig. 2b; viii, x) and the presence of caveolin-1 ( Fig. 2b ; vii) (Pelkmans et al., 2001 ).
The results indicate that there are at least two entry pathways for AAV5 into D7 fibroblasts at the individual cell level (Fig. 2a; vi, ix, x; and Fig. 2b; viii, x) : the clathrin-mediated pathway, in which coated vesicles deliver their contents to early endosomes, and the caveolar pathway, where vesicles may interact with endosomal structures or fuse with preexisting caveosomes that function as pH-neutral intermediate stations in caveolar endocytosis Nichols, 2003; Parton & Richards, 2003; Pelkmans et al., 2004 Pelkmans et al., , 2001 . Given the many non-coated pits, vesicles and caveosomes that contain AAV ( Fig. 2a; ii, vi, vii, and Fig. 2b; i, viii, x) , the caveolar pathway in D7 fibroblasts should not be considered a minor one. These data are clearly in contrast with those regarding other parvoviruses, including AAV2, which enter cells by the clathrinmediated pathway (Bartlett et al., 2000; Parker & Parrish, 2000; Xiao et al., 2002) , and also differ from the mechanism for AAV5 entry in HeLa cells, where no caveosome-like structures were detected and non-coated pits were rarely used or found together with clathrin-coated structures in a single cell (Bantel-Schaal et al., 2002) . The clathrin-mediated (65 %) and clathrin-independent (non-caveolar) (35 %) Fig. 2 . Electron micrographs of D7 cells demonstrating binding and uptake of AAV5 after infection at 4 6C with and without transfer to 37 6C. D7 cells were incubated with AAV5 for 20 min at 4 6C and were either fixed directly (a) or transferred to 37 6C for up to 20 min prior to fixation (b). (a) After incubation at 4 6C, AAV5 particles (small arrows) were seen at lateral (i-iii) and apical (iv, vi-xi) cell surfaces, between cells and microvilli (iv, xi) and on and between (v; bracket and small arrows, respectively) filopodia. Aggregated viruses at lateral surfaces were seen in cross (i-iii) and oblique (iii) sections. Particles were internalized via coated pits and vesicles (large arrows) from lateral (i) and apical (viii-x) cell surfaces. Internalization via noncoated pits also took place from lateral (ii) and apical (vii, ix-xii) sites. Uptake by clathrin-coated and non-coated structures at the base of filopodia is shown (vi). Immunolocalization with primary antibodies to caveolin-1 and 20 nm gold particles coupled to secondary antibodies for visualization showed that non-coated pits contained caveolin-1 (xii). (b) Cells were incubated for 20 min at 4 6C and then at 37 6C for 1 min (v, x), 5 min (ii, iii), 10 min (iv, vi) and 20 min (i, viii, ix, xi) . Some virus particles (small arrows) could be detected outside the cells at apical (i, iv) and lateral (ii) surfaces and at filopodia (iii). Entry took place via coated (viii) and non-coated (i) pits. Within the cells, AAV5 particles were seen in coated (ix, x; large arrows) and in non-coated (v, x; arrowheads) vesicles, in caveosome-like structures (iv-vi, viii, x; indicated by *) and in the Golgi compartment (xi). The presence of caveolin-1 in structures with caveosome-like shape is shown by immunolocalization (vii). Particles in coated and non-coated structures can be seen in the same cell in (a) (vi, ix, x) and (b) (viii, x) . CP, Coated pit; nCP, non-coated pit; FP, filopodia; MV, microvilli; *, caveosome; Cl, clathrin-coated vesicles; Co, coatomer-coated vesicles. Bar, 0.125 mm (in all parts).
pathways are also used by the (enveloped) influenza virus in African green monkey-derived epithelial cells BS-C-1 (Rust et al., 2004) . Whether both pathways are used in parallel in one cell has not been reported.
AAV particles were seen in vesicles of the Golgi compartment in some cells after incubation for 20 min at 4 u C followed by 20 min at 37 u C ( Fig. 2b ; xi). It is not clear which pathway enables entry into the Golgi compartment, since more than one may contribute Nichols, 2002 ; for reviews see Marsh & Helenius, 2006; Parton & Richards, 2003) . Routing of endocytosed AAV5 to the Golgi compartment has been reported in HeLa cells, where the clathrin-dependent pathway is predominant (Bantel-Schaal et al., 2002) . It is unkown whether compartments other than the Golgi compartment are targeted in AAV5 endocytosis in D7 cells, although no particles were seen accumulated in structures such as lysosomes.
Following incubation at 37 u C for 20 min without a prior step at 4 u C, fewer particles were seen overall and bound virus was only occasionally detected outside the cells ( Fig. 3; i , ii). This corresponds with the Western blot data ( Fig. 1b ; middle panel) and also provides an explanation for the immunofluorescence data (Fig. 1a) ; the strong signals visible after incubation at 4 u C most likely originate from clustering of AAV5 at cell-cell contacts and on filopodia. Although the number of virus particles was low, both coated and noncoated pits ( Fig. 3; iii, v, vi, viii) and vesicles ( Fig. 3 ; iv-viii)
were used for entry and could even be seen together on individual cells ( Fig. 3 ; vi-viii). Thus, AAV5 can simultaneously exploit two distinct pathways to enter an individual embryo fibroblast, not only under conditions of a high virus load but also in situations more similar to the situation in vivo. The phenomenon is not restricted to D7 embryo fibroblasts since similar observations were made in experiments with cheloid-derived human fibroblasts, which demonstrated that AAV5 particles also enter cells by a clathrin-dependent and a clathrin-independent pathway (U. Bantel-Schaal, unpublished data). Therefore, it might be interesting to determine whether the parallel use of two different entry pathways is common to AAV5 in primary human cells. 
